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The separation of acetone–butanol–ethanol mixtures (ABE) from aqueous solutions, which are produced
in ABE fermentation processes, is carried out by sweep gas pervaporation using gelled supported ionic
liquid membranes and by membrane evaporation. The membranes were synthesized by the gelation of
an ionic liquid ([bmim][PF6]) into the porosity of polytetraﬂuoroethylene (PTFE) hollow ﬁbers. The
performance of the membranes used in sweep gas pervaporation is compared with the membrane
evaporation process using the same hollow ﬁber support without IL in order to verify the selectivity
contributed by the gelled ionic liquid gap formed in the membrane pores. Improved butanol/ethanol
selectivity was veriﬁed for gelled IL membranes in pervaporation experiments compared to the
evaporation process. A resistance-in-series model was developed to simulate the pervaporation process.
The model predictions were in good agreement with the experimental results. IL membranes are found
to have potential for separation of butanol from the ABE mixtures by pervaporation.
& 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The use of alternative fuels has gained attention recently
because of the increasing energy demands, future limitations in
the oil resources and correspondingly increase in fuel prices, and
the negative environmental effects of the gases produced in the
petroleum industries. There is great potential for the use of
biofuels in industrial applications, such as heat and power gen-
eration and transportation sector. Bio-butanol has been considered
as a promising alternative fuel that can be produced from renew-
able resources. It has several advantages over other low-carbon
bio-alcohols such as: low volatility, high heating value, easy
partition in the base fuel, and no ignition problems [1].
ABE fermentation is a butanol production process that employs a
strain of bacteria from the Clostridium family to fermentate a starch
substrate, sugar beets, glucoses, cellulosic-based materials and other
biomass feedstocks. This process to produce butanol was mostly.
BY-NC-ND license.used during the ﬁrst part of the 20th century [2,3] and it has gained
attention again lately due to the depletion of fossil fuels.
Primary products of ABE fermentation are acetone, butanol, and
ethanol often in a 3:6:1 ratio. Pervaporation has a great potential to
recover the butanol from the fermentation broth, since this process
does not have harmful effects on the fermentation culture, besides
it is a one-step single process that can be coupled to the fermenta-
tion unit easily. The recovery of butanol by pervaporation has been
investigated in several works. Various membranes have been used
for butanol separation from fermentation broths, membranes were
made from different materials such as polydimethylsiloxane
(PDMS), zeolite or silicalite-ﬁlled siloxane [4–12], polypropylene
[13,14], poly(ether-block-amide) [15,16], poly(vinylidene ﬂuoride)
[17] and ceramic composites of PDMS [18,19].
Moreover, pervaporation could enhance continuous ABE fer-
mentation, since this process would allow the continuous extrac-
tion of the produced solvents. In batch conﬁguration, the ﬁnal
concentration obtained for combined solvents in the fermentation
broths cannot be higher than 25000 ppm [20] because the viability
of Clostridium bacteria is affected by high concentrations of the
products. Butanol tolerance of bacteria used in fermentation is an
important aspect that affects the production costs of biobutanol.
Low concentration of butanol in the fermentation broth causes
high product recovery costs [21]. Butanol toxicity is mainly caused
Table 1
Structural parameters of the ﬁber and module used in pervaporation and mem-
brane evaporation experiments.
Parameter Value Units
Material PTFE (GoreTex™) –
Fiber ID 1.010−3 m
Fiber OD 1.810−3 m
Pore size 2.010−6 m
Porosity 50–60 %
Effective length 0.35 m
Housing ID 3.610−3 m
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membrane. Thus, the function of the cell membrane as a control-
ling barrier between cell interior and exterior can be affected.
From the results of tests developed by Knoshaug and Zhang
[21,22] on 24 microbial species, only 4 were able to grow at the
butanol concentration of 2 wt% and the growth rate was o20% of
the obtained one with no butanol present.
On the other hand, ionic liquids (ILs) are considered a new class
of green solvents, which shows several advantages over conven-
tional solvents such as a negligible vapor pressure and the capacity
to solvate a variety of organic and inorganic species. Many of the
ILs are both air and moisture stable; however, this depends on the
hydrophilic/hydrophobic character of the IL. The degree of the
hydroscopic character of the IL and consequently the interaction
between water and IL is strongly depended on anions of the IL. The
use of ILs in membrane techniques has been investigated with
promising results [23]. Although ILs have a good potential for
butanol separation and they have been used for various applica-
tions of butanol separation in the literature, such as liquid–liquid
extraction or recovery from transesteriﬁcation reaction [24–29],
however the application of IL membranes for separation of butanol
from ABE solvents by pervaporation has not been fully investi-
gated. Izák and coworkers [30] studied selective removal of
acetone and butanol from water with supported ionic liquid–
polydimethylsiloxane membrane by pervaporation. They com-
pared an ultraﬁltration membrane impregnated by the ionic liquid
and PDMS with a classical dense PDMS membrane. They used two
different ionic liquids; 1-ethenyl-3-ethyl-imidazolium hexaﬂuor-
ophosphate and tetrapropylammonium tetracyanoborat. They
reported that the use of ILs enhanced the selectivity. Cascon and
coworkers [31] investigated various hydrophobic ionic liquids with
high potential as butanol extractants, determining its butanol
partition coefﬁcient values, Kp, and their toxicity to solventogenic
Clostridia species using ABE model solutions. Ammonium and
phosphonium cation-based ionic liquids were tested and it was
indicated that all extractants showed the same Kp trend for typical
fermentation products: butanol4acetone4ethanol.
The coupling of ionic liquids and membrane techniques usually
requires an impregnation of the IL by stabilizing it into a porous
support matrix to prevent leaks under applied pressures that
might be caused by mechanical strength problems. In pervapora-
tion process the use of ionic liquid suffers from being displaced at
relatively low differential pressures. Pervaporation membranes
should show an improved mechanical stability, decreasing the
possibilities of IL losses from the membrane pores, especially
under the eventual high trans-membrane pressure gradient
applied in this type of process. One solution to this drawback is
the stabilization of ILs by gelation. Indeed, ILs can be stabilized by
gelation by using several polymeric materials or gelation agents
giving materials with good mechanical strength and conductivity
and even enhancing their physico-chemical properties [32,33].
Voss and coworkers presented a new type of IL material for CO2
separation based on physical gelation of [C6mim] [Tf2N] with
12-hydroxystearic acid as a low-molecular-weight organic gelator
[32]. They reported that good mechanical strength is achieved
with the resulting gelled IL membranes.
In this work, we used the [bmim][PF6] to prepare IL gels using
12-hydroxystearic acid gelator. The gelation methodology was
adapted to prepare supported gelled IL membranes using macro
porous PTFE hollow ﬁbers as support. The resulting supported gelled
IL membranes were tested in terms of butanol recovery from ABE
solvents by using a non-classical pervaporation conﬁguration: sweep
gas pervaporation, in this process the upstream and downstream
compartments are maintained at the same pressure but in the last
one a continuous ﬂow of nitrogen is swept in order to maintain a
high concentration gradient while ensuring the stability of the IL gel.This process was compared to a membrane evaporation process
[34,35], which is based on the transfer of vapors through the
hydrophobic membrane porosity (without IL) by using also a con-
tinuous ﬂow of nitrogen downstream in order to maintain a high
concentration gradient. In the literature, it was not encountered a
speciﬁc study to investigate butanol separation using ME. In this
study, ME was implemented with the same membrane support used
in pervaporation experiments with supported IL membranes in order
to obtain a standard response with a non-selective membrane.
The stability of the IL membranes was investigated evaluating
the separation performance with time. Effect of the operating
parameters on the pervaporation process was also investigated.
A resistance-in-series model was developed to describe mass
transfer through the membranes.2. Experimental
2.1. Material
The IL 1-butyl-3-methylimidazolium hexaﬂuorophosphate,
[bmim][PF6] (synthesis grade), 12-hydroxystearic acid (purity
99% w/w) and acetone, butan-1-ol and ethanol (analytical grade)
were supplied by Merck, Sigma-Aldrich and Equilab, respectively.
2.2. Membrane preparation
2.2.1. Preparation of IL gels
Preliminary experiments were carried out to assess the forma-
tion of gels with the [bmim][PF6]. For this purpose we used the
method described by Tan and co-workers [36], but in our case the
chosen low molecular weight gelator was 12-hydroxystearic acid.
This gelator had been already used for the synthesis of dense IL
membranes for gas separation [32]. In order to avoid excessive
extend of condensation or cross-linking reactions, which could
result in a signiﬁcant decrease in the transport properties of the IL
gel, the gel preparation was achieved with a relatively low
concentration of gelator (0.4% w/w). However, this small amount
of gelator ensured the mechanical stability of the gel. In order to
prepare the IL gel, the gelator is dissolved in the ionic liquid and
kept in a ultrasonic bath 4 h at 80 1C.
Some preliminary experiments were carried out with and
without gelator in the IL impregnated module in order to see the
effect of the gelator on the mechanical stability of the membrane.
When gelator was not used, the ionic liquid passed to the feed,
which could be observed as a formation of two phases in the
vessel that contained the feed solution.
On the other hand using gelator this problem was overcame
and no permeation of ionic liquid was observed.
2.2.2. Preparation of single ﬁber PV membrane module
For the preparation of the IL membrane a polytetraﬂuoroethy-
lene (PTFE) hollow ﬁber supplied by GoreTex™ was placed in a
Fig. 1. Cross section of hollow ﬁber support containing gelled ionic liquid
immobilized into the pores of the membrane.
Fig. 2. Experimental setup used in this work for pervaporation and membrane
evaporation tests.
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resin. Table 1 summarizes the structural parameters of the PTFE
porous ﬁber used in this work.
Fig. 1 shows the outline of a cross-section of a gelled ionic
liquid membrane supported in a porous hollow ﬁber.
For the introduction of the IL gel into the pores of the PTFE
ﬁber, the membrane housing was kept at 80 1C with an electric
tape and a ﬂow of IL-gelator mixture was circulated into the
lumen-side using a peristaltic pump while vacuum was applied on
the shellside by means of a vacuum pump until a constant
permeation ﬂow was observed. Then a ﬂow of nitrogen was
simultaneously introduced in the lumen and shellside in order to
clean all the excess gelator-IL mixture. The temperature of the
module was then decreased from 80 1C to 20 1C at a rate of 10 1C/min.
The volume of the IL mixture circulated through the membrane
was 10 ml.
In order to obtain membrane stability in the module in time,
the same experiment was repeated using the same module several
times until the selectivities begun to change. Until ﬁrst 5–6
experiments the selectivities were consistent, after then the
separation performance begun to decrease and gave similar results
to the membrane evaporation in which no IL was included in the
pores. This showed that membrane stability changes after a period
of usage. Therefore, the modules were used maximum 4 times for
experiments to ensure the membrane provides the same separa-
tion performance for all experiments.2.2.3. Pervaporation and membrane evaporation experiments:
experimental setup
The ﬁrst process studied was the sweep gas pervaporation
using a membrane based on supported ionic liquid gel. The
objective was to characterize the mass transfer in the separation
of acetone, butanol and ethanol from aqueous solutions using a
pervaporation process. The performance of the sweep gas perva-
poration process was then compared with a membrane evapora-
tion operation using the same membrane support, but without
ionic liquid gel ﬁlling its pores. In this way, the ﬂuid dynamic
aspects of the mass transfer can be isolated in order to identify the
selectivity of the IL membrane itself. The objective of the compar-
ison of PV and ME is to show the effect of the IL on the selectivity
since ME is practically the same operation of PV without IL in the
pores. To exhibit the effect of the IL on the selectivity, all the ﬂuid
dynamic aspects were kept the same in two operations showing
that the improvement of the selectivity could be only caused by
the presence of the IL in the pores. Thus, the experimental device
built in this work allows comparing both processes using different
membranes: with or without ionic liquid gels inside the pores, but
maintaining the same circulation conﬁguration. The outline of the
experimental setup is shown in Fig. 2.Sweeping gas pervaporation experiments were done to sepa-
rate the solutes acetone/butan-1-ol/ethanol from aqueous solu-
tions containing 500 ppm of each compound. Pervaporation runs
were done using the experimental setup described in Fig. 2,
circulating the aqueous solutions into the lumen-side of the
hollow ﬁber membrane with ﬂow rates ranged from 1.210−3 to
3.010−3 L min−1. On the shellside, nitrogen was ﬂowed in coun-
tercurrent ﬂow with rates varying between 0.6 and 1.3 L min−1. A
vessel with cold water was used to receive the components of the
sweep gas for security cautions by bubbling the gas into the water.
The pervaporation system was operated under transient con-
ditions. Thus, the concentration decrease of acetone, butanol and
ethanol in the feed solution with time was monitored by chroma-
tographic analysis by using a Perkin Elmer Clarus 500 gas
chromatograph, a Carbowax 20M column and a FID detector.
Pervaporation experiments were done for 75 min. In this way,
extraction percentage of the compounds during the experiment
was calculated by monitoring the concentration change in the feed
every 15 min. The average transmembrane ﬂuxes of the compo-
nents were calculated using a mass balance around the membrane
monitoring the volume decrease of the feed at the end of the
experiment. The permeation ﬂux and selectivity depended on time
could not be measured at certain time intervals of the experiment
since the amounts were too small to analyze, but instead, the
average ﬂuxes of the components were obtained at the end of the
experiment using a mass balance monitoring the volume decrease.
The extraction percentage of a compound from feed solution
was calculated from the equation below
Extraction percentageð%Þ ¼
ðCðaqÞS;f ðt ¼ 0Þ−C
ðaqÞ
S;f ðtÞÞ
CðaqÞS;f ðt ¼ 0Þ
 100 ð1Þ
where CðaqÞS;f (t¼0) is the initial concentration of the compound and
CðaqÞS;f
)(t) is the concentration in feed at any time.
Moreover the trans-membrane ﬂux (kg m−2 h−1) of each com-
pound was calculated with the following equation:
NEXPS ¼
1
SID
dðV fCðaqÞS;f
dt
 !
ð2Þ
where NEXPS is the trans-membrane ﬂux of solute (kg m
−2 h−1), Vf is
the total volume of the liquid feed solution in the system, SID is the
interfacial surface area (m2) available for the mass transfer. The
derived function in Eq. (2) is obtained from the experimental
results and the numerical derivation of the empirical
correlation curve.
The operating conditions are summarized in Table 2.
As explained above, the effect of the IL gel in the ﬁbers on
separation performance was investigated comparing the results
with and without IL in the ﬁber by using identical conﬁgurations
and conditions for sweeping gas pervaporation and with mem-
brane evaporation processes.
Fig. 3. Outline of the mass transfer principle in the (a) pervaporation process
(b) membrane evaporation process studied in this work at the proximities of the
membrane.
Table 2
Operating conditions forpervaporation and membrane evaporation experiments.
Variable Value/range Units
Feed solution ﬂow rate 1.210−3–3.010−3 L min−1
Concentration of solute 500 ppm
Volume of feed solution 2.310−2 L
Sweeping gas ﬂow rate 0.6–1.3 L min−1
Temperature 30 1C
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3.1. Mass transfer steps for sweep gas pervaporation
The mass transfer model proposed for the sweep gas pervapora-
tion is based on a resistance-in-series model, which represents each
transport step at the proximities of the supported membrane. Thus,
three transfer steps can be identiﬁed: (1) convection through the
boundary layer of the aqueous feed stream containing acetone,
butanol and ethanol; (2) molecular diffusion of solutes through the
ionic liquid gel layer formed into the pores of the membrane support;
and (3) convection through the boundary layer of the stripping gas
phase. Between steps 1–2 and 2–3 a thermodynamic equilibrium
conditions were considered. These equilibrium conditions involve
the absorption and desorption of the three solutes to and from the
ionic liquid gel layer, respectively.
Mass transfer at the proximities of the membrane and the
concentration proﬁle are represented in Fig. 3a.
From these assumptions, the mass transfer ﬂow (kg h−1) of each
solute can be estimated by the following equations:
NðaqÞS ¼ kaqSIDðCðaqÞS;f −C
ðaqÞ
S;i1 Þ ð3Þ
K IL=aq ¼
CðILÞS;i1
CðaqÞS;i1
ð4Þ
NðILÞS ¼ kpILSLMðCðILÞS;i1−C
ðILÞ
S;i2Þ ð5Þ
K IL=g ¼
CðILÞS;i2
CðgÞS;i2
ð6Þ
NðgÞS ¼ kgSODðCðgÞS;i2−C
ðgÞ
S;bÞ ð7Þ
Eqs. (3), (5) and (7) represent the mass transfer ﬂux through the
aqueous feed solution boundary layer, the ionic liquid gel gap retained
in the pores and gas stream boundary layer, respectively. In Eq. (5), the
surface of the IL was calculated based on the logarithmic mean
diameter. Eqs. (4) and (6) deﬁne the partition coefﬁcient for IL gel/
aqueous phase and IL gel/gas stream, respectively. kaq and kg are the
mass transfer coefﬁcients of aqueous and gaseous boundary layer,
respectively. These coefﬁcients can be estimated by equations based
on Reynolds, Schmidt, and Sherwood dimensionless numbers [37].
KIL/aq and KIL/g are the partition coefﬁcient between the aqueous
solution-IL gel and the gel IL-N2, respectively.
The mass transfer rate inside the pores occurs through a
diffusive mechanism, which can be quantiﬁed through the effec-
tive mass transfer coefﬁcient into the pore ﬁlled with gel ionic
liquid, kp-IL. This mass transfer coefﬁcient in Eq. (5) can be
estimated by means of the Eq. (8) [38,39]
kpIL ¼
εDS;IL
τL
ð8Þ
where DS,IL is the diffusion coefﬁcient of the solute in the gelled IL
layer that ﬁlls the pores of the supporting membrane, ε is the
porosity, τ is the tortuosity and L is the thickness of the hollow
ﬁber support.It was assumed that solute transfer through the PTFE was
negligible. This could be considered acceptable, since the diffusion
coefﬁcient of this compounds in solids such as PTFE are 4 orders of
magnitude lower than its values in liquids.
Under steady-state conditions, the mass transfer ﬂow (mol s−1)
values estimated form Eqs. (1), (3) and (5) must be identical. In
this work, the mass transfer model is solved under a pseudo
steady state condition, which is supposed for each time step. The
mass balances of the solutes are done after every time step in
order to estimate the concentration change in the aqueous feed
solution as a function of the time. The numerical solution is
explained in detail in Section 3.4.
The contribution of each local transport step on the overall
transfer rate can be estimated from the equation that allows the
calculation of the overall mass transfer coefﬁcient, KTPervap, written
as a resistances-in-series model [38]
1
KTpervapdID
¼ 1
kaqdID
þ 1
K IL=aqkpILdLM
ð9Þ
Eq. (9) considers the contribution given by the aqueous feed
solution boundary layer and the gelled IL layer in the pores. In this
case, the contribution of the gas stream boundary layer is
neglected because this phase shows transport parameters higher
than the considered ones [40]. Thus, the mass transfer resistance
fraction of the aqueous feed boundary layer and the gelled IL
membrane can be estimated by means of the Eqs. (10) and (11),
respectively.
Raq ¼
1=kaqdID
1=KTpervapdID
ð10Þ
Table 3
Physical properties of the ABE components [43,44].
Compound Molecular
weight
(g mol−1)
Boiling
point
(1C)
Solubility in
water 25 1C
(g L−1)
Vapor
pressure at
25 1C (mmHg)
Dipole
moment
(D)
Acetone 58.08 56.50 Miscible 228.86 2.91
Ethanol 46.07 78.39 Miscible 58.71 1.69
Butanol 74.12 117.70 73.90 6.70 1.52
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1=K IL=aqkpILdLM
1=KTpervapdID
ð11Þ
3.2. Physical and transport properties
Leveque's equation has been used for the calculation of the
Sherwood number and then the mass transfer coefﬁcient Kaq of a
ﬂuid ﬂowing inside a cylindrical pipe [37,38,41,42]
Shaq ¼ 1:62 ReaqScaq
dID
L
 1=2
ð12Þ
This equation can be used to predict the mass transfer coefﬁ-
cient on a ﬂuid circulating inside a tube in laminar regime, with
good precision at Gz44.0. However, the coefﬁcient is overesti-
mated when Gzo4.0. In the studied system, the Gz number values
in the lumenside were ranged between 31.70 and 117.74.
To calculate the mass transfer coefﬁcient kg for a circulating
ﬂow inside the housing (coaxial tubes), Gabelman et al. [38],
proposed the following equation:
Shg ¼ β dODL ð1−φÞ
 
ðRe0:6g Sc0:3g Þ ð13Þ
Some physical properties of the components are given in
Table 3.
3.3. Mass transfer model for membrane evaporation
In the case of membrane evaporation, the mass transfer principle
of the process at the proximities of the membrane is explained in the
Fig. 3b above. In this case, membrane pores are empty and the transfer
inside the pores is carried out through diffusion in the gas phase that
ﬁlls the pores. By similitude with the case of IL membrane above, the
mass transfer can be then described in 3 steps: (1) convection through
the boundary layer of the aqueous feed stream containing acetone,
butanol and ethanol; (2) molecular diffusion of solutes through
membrane pores ﬁlled with gas; and (3) convection through the
boundary layer of the stripping gas phase. Between the steps 1–2
thermodynamic equilibrium conditions must be considered. In this
case, the phase equilibrium can be assessed supposing Henry's law,
since the aqueous solution can be considered diluted for each solute.
The ﬁrst mass transfer step can be estimated by means of the
same Eq. (1) proposed to describe the aqueous feed boundary layer
in the model for pervaporation. After that, the phase equilibrium
between feed solutions and stripping gas must be considered. Thus, a
partition coefﬁcient can describe this step. As far as in this process
we are considering low solute concentrations and atmospheric
pressure, it is possible, then, to utilize the ideal dilute solution model;
therefore, the equilibrium expression can be simpliﬁed using Raoult's
law and Henry's constant
Hg=aq ¼
CðgÞS;i1
CðaqÞS;i1
ð14Þ
where Hg/aq is Henry's constant (dimensionless) of the solute of
interest. CðgÞS;i1 and C
ðaqÞ
S;i1 are the concentrations of solute at the gas–
liquid interface in the gas and aqueous phase, respectively.The second step concerns the mass transfer inside the pores.
The hollow ﬁbers used as supporting membranes are macropor-
ous, for this reason mass transport could be described by mole-
cular diffusion [37,41]. Thus, trans-membrane ﬂow inside pores
can be described by
NðPOREÞS ¼
εDS;g
τL
SLMðCðgÞS;i1−C
ðgÞ
S;POREÞ ð15Þ
where CðgÞS;PORE is the solute concentration in the boundary layer
outside the pore.
Finally, trans-membrane ﬂow from the boundary layer outside
the pore to the bulk aqueous phase can be described by the
following equation:
NðgÞS ¼ kgSODðCðgÞS;PORE−CðgÞS;bÞ ð16Þ
where CðgÞS;b is the solute concentration on the bulk gas phase.
Analogously to the resistance-in-series approach applied to
pervaporation, the overall mass transfer for membrane evapora-
tion, KTME, can be estimated by Eq. (17) [38]
1
KTMEdID
¼ 1
kaqdID
þ 1
Hg=aq
εDS;g
τL
 
dLM
þ 1
Hg=aqkgdOD
ð17Þ
From Eq. (17), the mass transfer resistance fraction of the
aqueous feed boundary layer, the membrane pores ﬁlled with
gas and the gas stream boundary layer can be estimated by means
of Eqs. (18)–(20), respectively.
Raq ¼
1=kaqdID
1=KTMEdID
ð18Þ
RPORE ¼
1=Hg=aq
εDS;g
τL
 
dLM
1=KTMEdID
ð19Þ
Rg ¼
1=Hg=aqkgdOD
1=KTMEdID
ð20Þ
For the solution of the resistances-in-series models for both
pervaporation and membrane evaporation, the following assump-
tions have been considered:– The aqueous solution is considered as a diluted solution;
therefore it has a binary behavior.– Mass transfer through the membrane pores occurs through
diffusion, which is generated by the concentration gradient,
validating Fick's law.– Physical properties of the solutions are considered constant.
– No distortion of the velocity and concentration proﬁle due to
the mass transfer.– The thickness of the boundary layer is assumed constant along
the membrane's wall.– Laminar ﬂow is considered in the shellside and lumenside.
– The interfaces generated in pore's mouths (aqueous/gas in the
case of evaporation and aqueous/IL in the case of sweeping gas
pervaporation) are considered as stable in time.– A negligible pressure drop along the module.
– The system works in laminar regime and was adjusted accord-
ing to cylindrical geometry.– In the sweep gas pervaporation process, the solute concentra-
tion on the ionic liquid–nitrogen boundary layer is considered
equal to zero.– In membrane evaporation the concentration of the solute to be
transferred into the bulk of the gaseous phase is considered to
be very low, and then the bulk concentration is almost equal
to zero.
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A simulation algorithm has been developed in Matlabs. It allows
the evaluation of the permeate ﬂux in function of the operation
variables; this ﬂux is determined for the individual coefﬁcients in
each resistance layer. In the ﬁrst step, the operating conditions (ﬂows
rates of aqueous and gaseous solutions, composition, pressure and
temperature) and the structural parameters (inside and outside
diameters, membrane characteristics: length, porosity and tortuosity)
are deﬁned, while in the second step the program computes the
properties of the phases and then calculates the dimensionless
numbers and individual coefﬁcients of mass transfer. Finally, in the
last step the simulation program generates the estimation of trans-
membrane ﬂuxes performing iteration of the concentrations at the
interphases with the Regula Falsi method. This iteration was carried
out to estimate interfacial concentrations for each time interval by
modifying the concentrations at the pore entrances. Once interfacial
concentrationwas known, the ﬂuxes of each step could be calculated.
When the estimated error is lower than the pre-established value the
iterative algorithm is stopped and the transmembrane ﬂuxes are
identiﬁed. Fig. 4 shows the ﬂow sheet of this algorithm.4. Results and discussion
4.1. Performance of the reference system: sweep gas membrane
evaporation process
The ﬁrst step in the characterization of the mass transfer
through the pervaporation membrane is the quantiﬁcation of ﬂuid
dynamic effects. For this purpose, the same experimental device
was used to implement preliminary tests of sweep gas membrane
evaporation of aqueous acetone-butanol-ethanol mixtures withFig. 4. Flowchart of the algorithm for calculation of mass transfer ﬂux of solutes in pervathe same PTFE hollow ﬁber, which was used as the membrane
support in pervaporation tests. Thus, the non-selective support
was used under the same ﬂuid dynamic conditions of pervapora-
tion tests in order to identify the real selectivity of the gelled
supported ionic liquid membrane. As explained in the previous
sections, experiments were carried out under transient conditions
and the extraction percentage for both pervaporation and mem-
brane evaporation was calculated using the Eq. (1), which gives
the cumulative extraction in function of time. The experimental
change of extraction percentages for each component in the
mixture during the membrane evaporation process at different
liquid and gas ﬂow rates are shown in Fig. 5.
Fig. 5 shows that acetone is extracted faster than ethanol and
butanol, which both present similar extraction rates. The different
extraction percentages are consistent with comparative Henry's
constants of each compound, which is a function of volatility and
solubility of a component in a mixture in equilibrium. Fig. 6 shows
the direct relationship between the mean transmembrane ﬂuxes
(kg h−1 m−2) obtained from experiments and Henry's constant for
each solute [45]. Thus, the magnitude of transfer ﬂows shows the
same trends of Henry's constant, which can give information about
volatility. Despite the fact that acetone shows the highest relative
volatility, its mean transfer ﬂux is not proportionally higher due to
its mobility capacity into the membrane pores ﬁlled with gas and
through the ﬂuid phase boundary layers at the proximities of the
membrane. In this way, ethanol is the smallest molecule and it
shows diffusion coefﬁcients in water and nitrogen higher than the
ones show acetone and butanol. The diffusion coefﬁcient of ethanol
in water is 1.5810−9 m2s−1 while those of butanol and acetone are
1.2310−9 m2s−1 and 1.4210−9 m2s−1, respectively [44] under the
experimental conditions chosen in this work. On the other hand, the
diffusion coefﬁcient of ethanol, butanol and acetone in nitrogen
are 1.5410−5, 1.2310−5 and 1.3710−5 m2s−1, respectively [44].poration and membrane evaporation processes using a resistances-in-series model.
Fig. 5. Experimental extraction percentage of membrane evaporation of acetone, butanol and ethanol as a function of the time for different ﬂow rates of liquid feed solution
and sweeping gas stream: (a) 1.1710−5 L s−1 of feed solution and 5.010−3 L s−1 of N2; (b) 4.3310−5 L s−1 of feed solution and 5.010−3 L s−1 of N2; (c) 4.3310−5 L s−1 of
solution and 2.1710−2 L s−1 of N2.
Fig. 6. (a) Henry's law constant values for each solute [43] and (b) the mean cumulative transmembrane solute ﬂux (kg m−2 h−1) of the three different experimental runs of
membrane evaporation reported in Fig. 5.
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although Henry's constant for ethanol is comparatively lower. Similar
evaporation rates of butanol and ethanol represent a technical
problem in the obtaining of bio-butanol for the separation processes
driven by vapor-liquid equilibrium such as distillation due to the
presence of an azeotrope of these compounds, which presents a
limitation in the separation.
The mass transfer model based on a resistances-in-series
approach was implemented to describe the extraction rate of each
solute in the membrane evaporation process. Thus, the transfer of
acetone, butanol and ethanol were individually described consid-
ering the transfer through the boundary layer of the liquid feed
solution, the phase equilibrium at liquid–gas interface at the pore
entrance and the diffusion of each solute across the membrane
pores. Henry's constants reported in Fig. 6, were used in the
mathematical model to describe the liquid–gas equilibrium at the
pore entrance. In this theoretical description, the transfer resis-
tance of gas stream was neglected because the high nitrogen ﬂow
resulted in very low bulk solutes concentration in this stream and
then considered equal to zero. The results of these simulations areshown in Fig. 7 where the concentration change rates are reported
for each solute. A good agreement between experimental data and
model predictions was observed from these results for all the
operating conditions considered in this work, allowing to validate
two main ideas: (1) the transfer through the proximities to the
membrane can be described by classical transport equations
describing diffusive and convective phenomena and (2) transfer
resistance of the gas stream boundary layer can be neglected
under the operating conditions applied in this work.
4.2. Performance of the pervaporation system
After the preparation of the supported ionic liquid membrane
stabilized by gelation, pervaporation tests were done under the
same conditions of the membrane evaporation runs in order to
quantify the membrane selectivity.
Fig. 8 shows the experimental extraction percentage for acet-
one, butanol and ethanol as a function of time for three different
ﬂow rate conditions. From these results, the extraction rates of
each solute are completely different to the observed ones in
Fig. 7. Experimental and simulated concentration change rate for membrane evaporation of acetone, butanol and ethanol with a ﬂow rate of 1.1710−5 L s−1 and
5.010−3 L s−1 of feed solution and sweeping gas stream, respectively. Initial concentration (C0) of each solute was 500 ppm.
Fig. 8. Experimental extraction percentage of pervaporation of acetone, butanol and ethanol as a function of the time for different ﬂow rates of liquid feed solution and
sweeping gas stream: (a) 1.1710−5 L s−1 of feed solution and 5.010−3 L s−1 of N2; (b) 4.3310−5 L s−1 of feed solution and 5.010−3 L s−1 of N2; (c) 4.3310−5 L s−1 of
solution and 2.1710−2 L s−1 of N2.
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supported ionic liquid membrane generates a preferential trans-
port of butanol, reducing the overall transfer ﬂux, but maintaining
the order of magnitude of the ﬂuxes observed in membrane
evaporation (Fig. 5). Although transport properties of IL gel gap
are lower than the properties of the gas layer formed in the pores
during the membrane evaporation process, the high solubility of
these compounds, especially butanol and acetone, explains these
ﬂux values, which can be considered high if they are compared to
typical ﬂuxes through polymeric membranes. The partial ﬂux
obtained in this work for the supported gelled ionic liquid
membranes is close to a mean value of 1.310−3 kg h−1 m−2 when
butanol concentration was 500 ppm.
Losses of IL were not observed during the pervaporation
experiments. However, the membrane shows selectivity decreas-
ing after 5 or 6 repeated pervaporation runs.
Additional experiments were done with supported liquid ionic
membranes without gelator and those membranes were not stablefor the implementation of pervaporation, since the liquid permea-
tion of the ionic liquid was observed after the ﬁrst minutes of
operation.
If we consider the ratio between the transmembrane ﬂux and
concentration gradient, the permeate ﬂux obtained in this work is
comparable or even higher with the values previously reported in the
literature for pervaporation of ABE solutions with much higher feed
butanol concentrations. Liu and coworkers [16] described the perva-
poration of ABE mixtures using polymeric membranes based on
PEBA 2533, which generate butanol ﬂuxes ranging from 3.010−3 to
6.610−3 kg h−1 m−2 when the concentrations of the feed solution
varied from 1030 to 1910 ppm, respectively. Zhou and collaborators
[7] reported pervaporation trans-membrane butanol ﬂuxes varying
from 5.010−3 to 1.810−2 kg h−1 m−2 through hybrid silicalite-
PDMS membranes when initial concentrations of butanol were
between 10000 and 34000 ppm. These last values of concentrations
are close or higher than the upper limit of butanol concentration in
ABE fermentation broths [20–22].
Fig. 9. (a) Partition coefﬁcients of acetone, butanol and ethanol between the IL gel and the aqueous feed solution at 25 1C with a phase volumetric ratio of 1:1 when the
initial solute concentration in the aqueous phase was 500 ppm; (b) the mean cumulative trans-membrane solute ﬂux (kg m−2 h−1) of the three different experimental runs of
pervaporation reported in Fig. 8.
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tion membranes based on PDMS containing the IL tetrapropylammo-
nium tetracyanoborate, obtaining as much as 2.410−2 kg h−1 m−2
of butanol when concentration of the aqueous feed solution was
9000 ppm.
The preferential transfer of butanol on acetone and ethanol can
be explained by the solubility of these species in the IL membrane.
Fig. 9a shows the partition coefﬁcients of acetone, butanol and
ethanol obtained experimentally at 25 1C when the IL/aqueous
volumetric ratio was 1:1. In order to obtain the partition coefﬁ-
cient, aqueous mixtures with known concentrations was mixed for
each component with ionic liquid gels with 1:1 ratio using 1 mL of
the solutions in the sealed vessels. After the equilibrium has been
reached, the concentration of aqueous phase was analyzed in GC
while the concentration of the IL gel was calculated from a mass
balance. After obtaining concentrations in each phase, the parti-
tion coefﬁcient was calculated as a ratio of these concentrations.
These values of partition coefﬁcient show different equilibrium
concentrations ratios when compared to membrane evaporation,
which obeys to Henry's constant value of each compound. The
presence of ionic liquid gel into the pores involves a similar
dissolution of acetone and butanol in the membrane. The mean
transmembrane ﬂux of each compound for all pervaporation tests
is reported in Fig. 9b, and it is the evidence of this equilibrium
condition between the aqueous feed solution and the IL gel. Thus,
there is a direct relationship of the partition coefﬁcient with the
transmembrane ﬂux obtained from the pervaporation experi-
ments. However, the permeability of these compounds through
the gelled ionic liquid membrane cannot be exclusively explained
by the magnitude of individual partition coefﬁcients and addi-
tional aspects related to the transport phenomena through the
membrane and at the boundary layers formed in its proximities
must be also considered.
On the other hand, it was assumed that pores are ﬁlled with IL
gel. However, this assumption could be a source of error when the
transfer model is confronted to the experimental results. Anyway,
with a signiﬁcant number of empty pores in the pervaporation
membrane its selectivity would be notoriously different and closer
to the evaporation performance reported in this work.
4.3. Selectivity in the pervaporation of ABE mixtures
The selectivity of each compound can be quantiﬁed in terms of
its comparative permeation ﬂux. In this work, butanol/acetone and
butanol/ethanol ratios were considered because the main interest
in this type of process is the development of a novel technique for
separation of butanol from fermentation broths. Transfer ﬂux
ratios were calculated in order to show the preferential butanol
permeation through the gelled IL membrane. Thus, Nbutanol/
Nacetone ratio varied between 1.068 and 1.214 and Nbutanol/Nethanol
ratio varied between 1.333 and 2.079. These ﬂux ratios could be
considered low in terms of selectivity under the operatingconditions chosen for this study where initial concentrations are
the same for all components (500 ppm). Anyway, these ﬂux ratios
are higher than the values obtained with membrane evaporation,
where the non-selective membrane process shows mean ratios of
0.48 for butanol/acetone and 1.02 for butanol/ethanol.
The relative ﬂux of butanol could be increased if the relative
concentration of butanol in the solution increases. If the magni-
tude of ﬂux depends on the concentration gradient through the
membrane, then a acetone/butanol/ethanol ratio of 3:6:1 consid-
ers approximately the same increasing of relative ﬂuxes compared
to the 1:1:1 ratio used in this study. In a real fermentation system,
bio-butanol is generated by Clostridium bacteria, yielding 3 parts of
acetone, 6 of butanol and 1 of ethanol. Thus, the selectivity could
be signiﬁcantly improved in a coupled fermentation reactor, since
the driving force of the transfer through the gelled IL membrane
would be highly favorable to butanol. Future tests will be done in
the framework of this research in order to validate the improved
selectivity in fermentation model solutions.
Further research should be focused on the development and
screening of more selective ionic liquids as well as the pilot plant
tests in order to assess the membrane stability in function of time.
Moreover, the membrane developed in this work could be used
for butanol or acetone separation by pervaporation from other
type of solutions, where the competitive extraction with other
solutes is less signiﬁcant. Nevertheless, a future research work is
necessary in order to achieve a improved stabililty of the mem-
branes and a detailed quantiﬁcation of the water transfer through
the membrane. In this work, acetone, butanol and ethanol transfer
was analyzed monitoring the concentration changes in the aqu-
eous feed solution as a function of the time by means gas
chromatography. In pervaporation and membrane evaporation
tests this method showed low experimental variability. The same
procedure was simultaneously applied for the permeate, which
was condensated in a cold trap contained in a vessel with liquid
nitrogen. The analysis of the condensate did not show the same
reliability of the analysis results on the feed solution, especially for
the estimation of acetone concentration. In those previous tests,
the mass balance done on the volatile compounds showed losses
of acetone close to 34% in the cold trap, probably dues to a
unfavorable design of this apparatus. This procedure will be
improved in future works to evaluate the selectivity of all
compounds including water.
4.4. Modeling of mass transfer in pervaporation and identiﬁcation of
controlling steps
The mass transfer model described in Sections 3.3 and 3.4 was
developed for individual transport of each compound transferred
through the gelled IL membrane. Physical and transport properties
of the compounds in the ﬂuid phases (liquid and gas) were
collected from the literature. Density and viscosity of the aqueous
feed phase containing 500 ppm of acetone, butanol and ethanol
Fig. 10. Experimental and correlated concentration change rate for pervaporation of acetone, butanol and ethanol with a ﬂow rate of 1.1710−5 L s−1 and 5.010−3 L s−1 of
feed solution and sweeping gas stream, respectively. Initial concentration (C0) of each solute was 500 ppm.
Fig. 11. Local mass transfer resistances calculated in terms of the percentage of
overall resistance for the sweep gas pervaporation and membrane evaporation
processes.
Table 4
Diffusion coefﬁcient values of acetone, butanol and ethanol in IL gel layer. Values
estimated by correlation of experimental data with the mass transfer model
implemented for pervaporation.
Compound Ds-IL gel (m2 s−1), range
Acetone 4.610−10–4.910−10
Butanol 3.910−10–4.210−10
Ethanol 5.210−10–5.610−10
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and 8.1110−4 Pa s) [44], meanwhile these same properties for the
gas stream were estimated for pure nitrogen (1.11 kg m−3 and
1.86 Pa s) [44] at the operating conditions. The only unknown
parameter in this modeling was the diffusion coefﬁcient of each
solute in the IL gel that ﬁlled the membrane pores. Thus, the model
was used to correlate the diffusion coefﬁcient of acetone, butanol and
ethanol in the gelled IL layer, identifying the value that generates the
lowest mean-squared errors with the experimental data. Fig. 10
shows an example of these calculations.
Diffusion coefﬁcient values for each solute in the gelled IL layer
were estimated from the experimental results using the simula-
tion program developed in this study. In this way, simulations
were done with different diffusion coefﬁcient values until to
obtain the minimum root mean square between simulated solute
transfer ﬂuxes and the experimental ones. The range of these
values is reported in Table 4.
From the results reported in Table 4 as well as in Fig. 9, we can
notice that even if the transport of species is given by a combina-
tion of two phenomena solubility and diffusion in the case of
butanol, the global transport is mainly inﬂuenced by solubility and
then by thermodynamics, instead of transport kinetics because
butanol presents the lower diffusion coefﬁcient of the three tested
compounds. Meanwhile, ethanol transfer rate seems to be faster
than the predicted by the partition coefﬁcient ratio, since ethanol
shows the highest diffusion coefﬁcient in the IL gel layer. Indeed,
the gelled IL membrane represents the main controlling step of
mass transfer with a smaller effect of the liquid feed boundary
layer. The solubility and transport properties of the solutes in the
IL gel are the key parameters of the pervaporation process. This
was veriﬁed by means of the estimation of the local resistance
percentages described in Section 3.1 by Eqs. (10) and (11) for
pervaporation and 18–20 for membrane evaporation. These local
mass transfer resistances are reported in Fig. 11.
In our knowledge, the diffusion coefﬁcients of acetone, butanol
and ethanol in gelled ILs have not been reported yet. Furthermore,
the diffusion coefﬁcients of acetone, butanol and ethanol in
[bmim][PF6] are not reported in the literature at room conditions.
Voss and coworkers [32] proposed the formation of [hmim][Tf2N]
gels with 12-hydroxysteraric acid (1.5% w/w) for light gas separa-
tion, ﬁnding slight decreasing of CO2 and N2 permeabilities with
respect to pure IL.
Moreover, Méndez-Morales and coworkers [46] report a diffu-
sion coefﬁcient value of ethanol in non-gelled [hmim][PF6] equal
to 1.20710−9 m2 s−1. If this value is used as reference, the
diffusion coefﬁcient estimated in this work for ethanol in gelled
[bmim][PF6] is 55% lower; this difference can be explained by the
effect of the gel formation on the transport properties of the IL.Besides, the diffusion coefﬁcient values of butanol in IL mem-
branes estimated in this work are approximately two times higher
than the values reported by Vopicka and coworkers [47], who
developed blended silicone–ionic liquid membranes based on poly
(dimethylsiloxane)-benzyl-3-butylimidazolium tetraﬂuoroborate
for butanol separation.
Finally, Cascon and Choudhari [48] reported the pervaporation
of aqueous butanol solutions with initial concentrations between
5000 and 25000 ppm at temperatures varying from 35 to 70 1C,
using a supported liquid membrane prepared on CelgardTM ﬂat
sheet membranes with its pores ﬁlled of hydrophobic ammonium-
and phosphonium-based ionic liquids, verifying a direct relation-
ship between trans-membrane ﬂuxes and the absorption of
butanol and water in the IL. These authors obtained diffusion
coefﬁcients of butanol in IL ranging between 2.010−11 and
8.010−11 m2 s−1. They reported high values of butanol ﬂux (upto
0.8 kg h−1 m−2 at 70 1C), which can be explained by the use of a
thin membrane support with a thickness of only 25 μm.
In the pervaporation system studied in this work, the mem-
brane selectivity is given by a combination of solubility and
A. Plaza et al. / Journal of Membrane Science 444 (2013) 201–212 211diffusivity of the different compounds in the ionic liquid gel layer.
The relatively faster ﬂux of butanol can be explained by the higher
solubility of this compound in the ionic liquid. Nevertheless, the
ﬂuid dynamic conditions of the membrane module, with low
Reynolds number values, involve a signiﬁcant inﬂuence of the
boundary layers at the proximities of the membrane on the overall
mass transfer, which was observed in the experimental results.5. Conclusions
In this work, pervaporation of aqueous ABE mixtures has been
implemented by using supported gelled ionic liquid membranes
based on [bmim][PF6] in order to separate butanol from the
aqueous solution. Pervaporation assays were compared with
membrane evaporation runs developed with the same experi-
mental setup and membrane support without IL gel.
The use of an IL gel layer formed with a low concentration of
gelator generates membranes with a permeability comparable to a
membrane evaporation system, but selective to the butanol
transfer. The selectivity of the membrane is mainly given by the
partition coefﬁcient between the IL gel and the aqueous solution
and the membrane itself seems to represent the main controlling
transport step during the pervaporation process.
A mass transfer model based on classical transport equations
was proposed to describe the pervaporation process and the
reference membrane evaporation system. This model allowed
the simulation of the membrane evaporation system, verifying
the chosen correlation for mass transfer coefﬁcient in the aqueous
ABE feed solution boundary layer. The same theoretical approach
was applied for the pervaporation description. Thus, the model
was used to correlate the diffusion coefﬁcient of acetone, butanol
and ethanol in the IL gel layer. The model is coherent with the
experimental data and it is capable to correlate the mass transfer
coefﬁcients of each solute in the IL gel layer, which are larger than
the values reported for polymerized ILs or blended with polymers.
These values are moderately lower than in similar non-gelled IL.Acknowledgments
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C concentration (ppm)
N trans-membrane ﬂux (kg m−2 h−1)
A interfacial surface area for mass transfer (m2)
V total volume of feed solution (m3)
t time (s)
k local mass transfer coefﬁcient (m s−1)
S surface area for mass transfer (m2)
K partition coefﬁcient (dimensionless)
D diffusion coefﬁcient (m2 s−1)
L thickness of the hollow ﬁber support (m)
d diameter (m)
H Henry's constant (dimensionless)
R Resistance Dimensionless
Sh Sherwood number (dimensionless)Sc Schmidt number (dimensionless)
T temperature (1C)
Re Reynolds number (dimensionless)
Gz Graetz number (dimensionless)
Greek letters
ε porosity (dimensionless)
τ tortuosity (dimensionless)
β a constant in Eq. (13) (dimensionless)
φ ﬁber packing fraction (dimensionless)
Index
aq refers to aqueous phase
g refers to gaseous phase
p refers to pore ﬁlled with IL
LM refers to logarithmic mean
ID internal diameter
OD outside diameter
i refers to interface
IL refers to ionic liquid
f refers to the bulk of the feed solution
b refers to the bulk of the gaseous phase
PORE refers to the pore ﬁlled with gas
S refers to solute
ME refers to membrane evaporation
Pervap refers to sweeping gas pervaporationReferences
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